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2+, W.R. Zimmerman et al., PRL 110 (2013) 152502 
Motivation: The sequence of 0+, 2+, and 4+ states strongly suggest 
that they belong to a rotational band. 
 
ü  Two rotational bands in 12C? 
Purpose: To check whether the transition strengths 
between the states are consistent or not with the 
transitions corresponding to states in a rotational band. 
For transitions within a rotational band: 
ü  Intrinsic quadrupole moment should be reasonably 
stable for transitions within a rotational band. 
ü  We compute the transition strengths 
describing 12C as a three-alpha system: 
13. 3 MeV 4+ 
10. 1 MeV 2+ 
4+, M. Freer et al., PRC 83 (2011) 034314 
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E 
Calculation of the γ-emission cross section: 
Continuum to continuum 
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ü  We discretize the continuum spectrum with a box 
boundary condition: The radial wave functions are 
imposed to be zero at some ρmax. 
ü  We compute the three-body wave functions using the 
hyperspherical adiabatic expansion method. 
ü  We use hyperspherical coordinates: hyperradius ρ and 
the usual five hyperangles. 
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ü  There is an ambiguity in the definition of the cross section. 
ü  We work on the real energy axis. We compute continuum 
states without treating resonances in some particular way. 
(previous information needed in order to know where to put 
the energy windows). 
ü  We discretize the continuum spectrum with a box 
boundary condition: The radial wave functions are 
imposed to be zero at some ρmax. 
ü  We compute the three-body wave functions using the 
hyperspherical adiabatic expansion method. 
ü  We use hyperspherical coordinates: hyperradius ρ and 
the usual five hyperangles. 
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The {0+1, 2+1, 4+2} and {0+2, 2+2, 4+1} 
sequences of states are each of them 
consistent with a frozen structures 
within the band. 
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The {0+1, 2+1, 4+2} and {0+2, 2+2, 4+1} 
sequences of states are each of them 
consistent with a frozen structures 
within the band. 
When forcing the system to be more 
bound the 4+2 state becomes bound 
faster than the 4+1 state. 
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Cross sections and transition strengths 
(working on the real energy axis) 
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Integrating over E 
Cross sections and transition strengths 
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Cross sections and transition strengths 
(working on the real energy axis) 
These results support the 
fact that the 4+1 and 4+2 
states have crossed, and 
4+1 belongs to the second 
band and the 4+2 to the 
first band. 
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Cross sections and transition strengths 
(working on the real energy axis) 
In the first band  
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Cross sections and transition strengths 
(working on the real energy axis) 
In the second band  
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Summary and conclusions: 
ü  We have computed γ-emission cross sections between the 0+, 2+, 
and 4+ states in 12C (understood as a three-alpha system). 
ü  After a complex scaling calculation, <ρ2>, already suggests that 
the  4+2 belongs to the first band and the 4+1 to the second. 
ü  The intrinsic quadrupole moment Q0 is stable within the 
{0+1,2+1,4+2} and {0+2,2+2,4+1} bands. 
ü  The Q0 values are consistent with an equilateral triangular 
structure in the first band (g.s.) and a linear structure in the second 
band (Hoyle). 
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Effective adiabatic  
potentials 
Eigengunctions of the angular part of the hamiltonian 
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Effective adiabatic  
potentials 
Each adiabatic potential is associated to a specific incoming/outgoing channel 
1+2 channel 
Bound 
two-body 
subsystem 
Two-body binding energy 
(short-range interactions) 
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Effective adiabatic  
potentials 
Full continuum channel 
Three particles in 
the continuum 
Each adiabatic potential is associated to a specific incoming/outgoing channel 
(short-range interactions) 
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For a given energy E, full knowledge of the three-body wave function requires 
knowledge of the wave function for the n0 possible incoming channels. 
Number of open channels Number of adiabatic terms 
For a given energy E, we do not have a single wave function, in the usual 
sense,  but as many as open channels.  
Appendix: Three-body wave functions and the box boundary condition 
21st International Conference on Few-body Problems in Physics, 18th -22nd May 2105, Chicago, USA      E.Garrido, 19th of May 2015 
Radial wave functions for three spinless identical bosons (Z=0) with total spin 
and parity 0+.The calculation has been done including 3 adiabatic terms in 
the expansion. E=10 MeV. 
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For charged particles we impose a box boundary condition 
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ü  For each discrete energy we get only 
one wave function associated to it. 
ü  What incoming channel does i t 
correspond to? 
ü  Where are the other components 
corresponding to that energy? 
ü  Are we missing part of the total w.f.? 
For charged particles we impose a box boundary condition 
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ü  The discrete states appear in bins of states. 
ü  Each bin contains as many states as open channels in the calculation. 
ü  The bigger the box the closer to degeneracy the states in the bin. 
ü  The energy separation between the bins follows the ΔE rule. 
For L = 400 fm: 
ü  Ei = {79.17,79.23,79.27} MeV 
ü  Ei+1 = {79.81,79.87,79.89} MeV 
ü  For Ei=80 MeV à ΔE=0.6 MeV 
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Therefore:  
ü  The discrete states belonging to each bin of energies do actually describe 
the continuum state for all the possible incoming channels for the energy 
of the bin.  
For L = 400 fm: 
ü  Ei = {79.17,79.23,79.27} MeV 
ü  Ei+1 = {79.81,79.87,79.89} MeV 
ü  For Ei=80 MeV à ΔE=0.6 MeV 
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No discretization 
E = 10 MeV 
L = 400 fm 
Discretized spectrum 
E257 = 9.99 MeV 
E258 = 10.02 MeV 
E259 = 10.03 MeV 
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No discretization 
E = 10 MeV 
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ü  Both methods are fully equivalent 
ü  When discretizing the spectrum no information is lost 
ü  The discretization method can be safely used for charged particles 
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